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Summary
The xeroderma pigmentosum group C (XPC) protein
complex plays a key role in recognizing DNA damage
throughout the genome for mammalian nucleotide ex-
cision repair (NER). Ultraviolet light (UV)-damaged
DNA binding protein (UV-DDB) is another complex
that appears to be involved in the recognition of NER-
inducing damage, although the precise role it plays
and its relationship to XPC remain to be elucidated.
Here we show that XPC undergoes reversible ubiqui-
tylation upon UV irradiation of cells and that this de-
pends on the presence of functional UV-DDB activity.
XPC and UV-DDB were demonstrated to interact phys-
ically, and both are polyubiquitylated by the recombi-
nant UV-DDB-ubiquitin ligase complex. The polyubi-
quitylation altered the DNA binding properties of XPC
and UV-DDB and appeared to be required for cell-free
NER of UV-induced (6-4) photoproducts specifically
when UV-DDB was bound to the lesion. Our results
strongly suggest that ubiquitylation plays a critical
role in the transfer of the UV-induced lesion from UV-
DDB to XPC.*Correspondence: sugasawa@riken.jp
9 These authors contributed equally to this work.Introduction
Nucleotide excision repair (NER) is a versatile DNA re-
pair pathway that eliminates a wide variety of helix-dis-
torting base lesions, including ultraviolet light (UV)-
induced cyclobutane pyrimidine dimers (CPDs) and
pyrimidine-pyrimidone (6-4) photoproducts (6-4PPs),
as well as bulky adducts induced by numerous chemi-
cal compounds. Impaired NER activity is associated
with several rare autosomal recessive disorders in hu-
mans, such as xeroderma pigmentosum (XP) and
Cockayne syndrome (CS) (Friedberg, 2001; Hoeijmak-
ers, 2001). XP patients are clinically characterized by
cutaneous hypersensitivity to sunlight exposure and a
predisposition to skin cancer. Seven NER-deficient ge-
netic complementation groups of XP (XP-A to -G) and
two groups of CS (CS-A and -B) have been identified,
and all of the corresponding genes (XPAwXPG, CSA,
and CSB) have now been cloned (for a review, see
Bootsma et al. [1997]).
Mammalian NER consists of two distinct subpath-
ways: global genome NER (GG-NER), which operates
throughout the genome, and transcription-coupled
NER (TC-NER), which specifically removes lesions on
the transcribed DNA strand of active genes. A major
difference between these two subpathways appears to
be in the strategies they use to detect damaged bases.
In TC-NER, RNA polymerase II stalls at damage sites
and triggers the repair reaction (Tornaletti and Hana-
walt, 1999). In contrast, in GG-NER, protein factors bind
specifically to damage sites. Accumulating evidence in-
dicates that the XP group C (XPC) protein plays an
essential role in GG-NER-specific damage recognition
(Riedl et al., 2003; Sugasawa et al., 1998; Volker et al.,
2001).
The XPC protein exists in vivo as a heterotrimeric
complex with one of the two mammalian homologs of
S. cerevisiae Rad23p (HR23A or HR23B) and centrin 2
(Araki et al., 2001; Masutani et al., 1994; Shivji et al.,
1994). This complex binds to various NER-type lesions
in vitro, including UV-induced 6-4PP (Batty et al., 2000;
Sugasawa et al., 2001). However, biochemical studies
revealed that the XPC complex is a structure-specific
DNA binding factor that appears to recognize a certain
secondary structure of DNA rather than the lesions
themselves (Sugasawa et al., 2002). These biochemical
properties of XPC plausibly explain the detection by
GG-NER of many structurally unrelated lesions.
UV-damaged DNA binding protein (UV-DDB) has
been also implicated in the lesion recognition of GG-
NER. UV-DDB is a heterodimeric complex consisting of
DDB1 (p127) and DDB2 (p48). It has a much higher
binding affinity and specificity for damaged DNA than
XPC (Batty et al., 2000), particularly with regard to UV-
induced 6-4PP (Fujiwara et al., 1999; Reardon et al.,
1993; Treiber et al., 1992). Mutations in the DDB2 gene
cause the genetic complementation group E of XP, and
the patients belonging to this group lack the damage
binding activity of UV-DDB (Chu and Chang, 1988;
Cell
388Hwang et al., 1998; Itoh et al., 2000; Nichols et al., 1996; f
eRapic#-Otrin et al., 2003).
Despite its capacity for detecting DNA damage with c
Uextremely high sensitivity, UV-DDB is not required for
all types of GG-NER. For example, the cell-free NER w
oreaction was successfully reconstituted without UV-DDB
(Araújo et al., 2000; Mu et al., 1995), although it has s
sstimulatory effects under certain conditions (Abous-
sekhra et al., 1995; Wakasugi et al., 2001; Wakasugi et p
sal., 2002). However, in XP-E cells lacking UV-DDB activ-
ity, while GG-NER of 6-4PP is only moderately im- o
fpaired, the removal of CPD from the global genome is
profoundly reduced (Hwang et al., 1999). Furthermore,
Dectopic expression of functional human DDB2 in rodent
cells enhances GG-NER of CPD, thereby suppressing i
wUV-induced mutagenesis (Tang et al., 2000). These find-
ings strongly suggest that UV-DDB plays an important X
4role in recognizing CPD for GG-NER. Upon local UV ir-
radiation within the nucleus, UV-DDB translocates into f
bthe damaged area even in the absence of XPC (Waka-
sugi et al., 2002), suggesting that UV-DDB may function s
sat an earlier step in GG-NER in order to assist XPC to
find damaged sites. However, it remains to be eluci-
dated how XPC and UV-DDB are functionally linked in T
terms of damage recognition for GG-NER. The precise T
role of the extremely high binding affinity UV-DDB has w
for 6-4PP also remains unclear. f
Interestingly, UV-DDB has recently been found to be t
contained in a large complex with cullin 4A, Roc1, and t
COP9 signalosome, which are components of ubiquitin X
ligase (E3) (Groisman et al., 2003). Although UV-DDB- t
associated E3 appears to be activated upon UV irradia- a
tion of cells, the physiological substrates of E3 activity e
have not yet been determined. Here we present evi- W
dence that the UV-DDB-E3 complex ubiquitylates XPC d
in response to UV irradiation of cells. Our findings func- I
tionally link the two NER damage recognition factors h
and provide novel insights into the molecular mecha- c
nisms underlying damage recognition in GG-NER. t
(
tResults
b
tUV-Induced Posttranslational Modification
of XPC Protein f
To examine the in vivo response of the XPC complex
to UV irradiation, a series of immunoblot analyses was r
Xcarried out. The SV40-transformed, normal human fi-
broblast cell line WI38 VA13 was UV or mock irradiated t
pand then lysed with buffer containing 0.3 M NaCl and
1% Nonidet P40. When the resulting soluble and insolu- d
Xble fractions were subjected to immunoblotting with
anti-XPC antibodies (Figure 1A, lanes 1–4), slowly mi- a
tgrating heterogeneous bands (150–300 kDa) appeared
in the soluble fraction from the UV-irradiated cells (lane p
g2). These bands with lower mobility were detected with
two anti-XPC antibodies of different specificity but did e
inot appear in similar fractions prepared from the XPC-
deficient cell line XP4PASV (lanes 5–8). These findings w
bindicate that the XPC protein undergoes posttransla-
tional modification in response to UV irradiation of the l
fcells.
To investigate the time course of this XPC band shift, l
dWI38 VA13 cells were UV irradiated and then incubatedor various time periods before cell fractionation. In this
xperiment, the cells were cultured in the presence of
ycloheximide to inhibit de novo protein synthesis after
V irradiation. We confirmed that treatment of the cells
ith 0.1 mM cycloheximide inhibited the incorporation
f [3H]leucine almost completely within 1 hr (data not
hown). As shown in Figure 1B, slowly migrating XPC
pecies appeared as early as 5 min after irradiation,
eaked around 60 min, and declined thereafter. In the
ame set of cell extracts, no detectable band shift was
bserved for HR23B, XPA, XPB, or DDB1 (Figure 1B) or
or centrin 2 (data not shown).
The response of XPC in cells treated with various
NA-damaging agents other than UV was also exam-
ned (see Figure S1 in the Supplemental Data available
ith this article online). The shift in molecular weight of
PC upon treatment with X-rays or chemicals such as
-nitroquinoline 1-oxide (4-NQO), which is often re-
erred to as a UV mimetic agent, was either undetecta-
le or much weaker than that induced by UV. The ob-
erved XPC modification thus appeared to be rather
pecific for UV irradiation.
he XPC Protein Is Ubiquitylated In Vivo
he observed mobility shift of XPC upon UV irradiation
as large and heterogeneous, with apparent sizes dif-
ering by 20 to more than 100 kDa. This pattern raised
he possibility that ubiquitylation might be involved in
his band shift. To test this possibility, the UV-induced
PC modification was examined with mouse FM3A
s85 mutant cells, which have been shown to express
temperature-sensitive form of the ubiquitin-activating
nzyme E1 (Finley et al., 1984; Matsumoto et al., 1983).
hen cultured at nonpermissive temperatures (>39°C),
e novo ubiquitylation is greatly reduced in these cells.
n agreement with this, the levels of monoubiquitylated
istone H2A (uH2A) are severely reduced in ts85 cells
ultured at 39.5°C (Figure 1D, lanes 10–12) but not in
he mutant cells maintained at permissive temperatures
lanes 7–9) or in the wild-type, parental FM3A cells cul-
ured at either temperature (lanes 1–6). The UV-induced
and shift of XPC was not detected in ts85 cells cul-
ured at 39.5°C (Figure 1D). Thus, the UV-induced modi-
ication of XPC depends on E1 activity.
To demonstrate the ubiquitylation of XPC more di-
ectly, we first established a stable transformant of the
PC-deficient cell line XP4PASV that expresses FLAG-
agged XPC at physiological levels. This FLAG-XPC
rotein showed a shift in molecular weight after UV irra-
iation that exactly matched the change in endogenous
PC in UV-irradiated WI38 VA13 cells (Figure S2A). In
ddition, GG-NER of 6-4PP was completely restored in
his transformant (Figure S2B), confirming that the ex-
ressed FLAG-XPC functions normally in vivo. Hemag-
lutinin (HA)-tagged ubiquitin was transiently over-
xpressed in this transformant, and FLAG-XPC was
mmunoprecipitated. When the precipitated samples
ere subjected to immunoblotting with anti-HA anti-
ody, ubiquitylated FLAG-XPC was detected, particu-
arly when the transfected cells were UV irradiated be-
ore the extract preparation (Figure 1E, lane 8). A low
evel of ubiquitylation may have occurred in the unirra-
iated cells, presumably because of nonspecific ubiq-
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(A) WI38 VA13 (normal) and XP4PASV (XPC-deficient) cells were UV irradiated at 10 J/m2 or mock irradiated. After incubation at 37°C for 1 hr,
soluble (sup) cell extracts, each containing 3 g protein, as well as the corresponding amounts of the insoluble (ppt) fractions were subjected
to immunoblot analyses using two different anti-XPC antibodies raised against the full-length (FL) protein or against a synthetic peptide
corresponding to the C terminus (CT). The asterisk (also the asterisks in [B] and [E]) indicates nonspecific bands that crossreact with the
anti-XPC (FL) antibody. The arrows (also the arrows in [D] and [E]) indicate the authentic unmodified XPC bands.
(B) WI38 VA13 cells were UV irradiated at 10 J/m2 and incubated at 37°C in the presence of 0.1 mM cycloheximide for various times as
indicated. The soluble cell lysates, each containing 3 g protein, were subjected to immunoblot analyses with various antibodies as indicated.
The arrows indicate the authentic bands for each NER protein. The brackets (also those in [D] and [E]) indicate the modified forms of XPC.
(C) The levels of 125 kDa XPC in each lane in (B) were quantified and normalized relative to the amount of hHR23B in the same lane. These
values then were further normalized by the initial amount of the 125 kDa band and plotted as a graph.
(D) FM3A wild-type or ts85 cells were cultured for 16 hr at 33°C or 39.5°C, UV irradiated at the indicated doses, and cultured for another hour
at the same temperature. Cell lysates were subjected to immunoblot analyses using the anti-XPC (CT) antibody. The same lysates were also
immunoblotted for lamin B1 as a loading control and monoubiquitylated histone H2A (uH2A).
(E) The transformed XP4PASV cell line that stably expressed FLAG-XPC at physiological levels (XP4PASV/fXPC) was transiently transfected
with an expression vector for HA-ubiquitin. Controls consisted of untransfected parental XP4PASV cells (lanes 1 and 5) and XP4PASV cells
transfected with the vacant pCAGGS vector (lanes 2 and 6). At 7 hr of posttransfection, the cells were UV irradiated at 10 J/m2 and incubated
for another hour. Soluble cell extracts were prepared and subjected to immunoprecipitation with anti-FLAG M2 agarose. Aliquots of the
cell extracts (3 g protein; lanes 1–4) as well as the immunoprecipitates (lanes 5–8) were subjected to immunoblot analyses using the
indicated antibodies.
Cell
390uitylation caused by the overexpression of HA-ubiquitin c
i(lane 7). From these data, we conclude that UV irradia-
tion induces the ubiquitylation of XPC. a
We found that, even when de novo protein synthesis
was inhibited, the total amount of XPC was not signifi- X
ucantly reduced after UV irradiation (Figure 1B). When
we measured the levels of the authentic 125 kDa band l
Dof XPC, we found its levels dropped upon UV irradiation
and then rose again later on when the shifted bands s
wdisappeared (Figure 1C). Therefore, the ubiquitylation
of XPC appears to be reversible and does not serve as U
aa signal for degradation.
g
iUV-DDB Is Required for the Modification of XPC
To explore possible relationships between XPC modifi- w
Ucation and the NER process, we examined the UV-
induced shift in molecular weight of XPC in human cell f
Dlines belonging to different genetic complementation
groups of XP and CS. As shown in Figure 2A, most of i
othe mutant cells exhibited normal band shifting of XPC
upon UV irradiation. Intriguingly, however, the XPC n
iband shift was not induced in two independent XP-EFigure 2. UV-Induced XPC Modification Depends on the Presence of Functional UV-DDB
(A) Cell lines derived from different XP and CS genetic complementation groups were UV irradiated at 10 J/m2 and incubated at 37°C in the
presence of 0.1 mM cycloheximide for various time periods. The soluble cell extracts (3 g protein) were subjected to immunoblotting with
anti-XPC (FL) antibody. The asterisks indicate nonspecific crossreacting bands that appear more evident in SV40-transformed cell lines than
in the two untransformed cell lines XP82TO and XP2SA. The arrows and brackets (also those in [B] and [C]) indicate unmodified and modified
forms of XPC, respectively.
(B) The Chinese hamster cell lines V79 and CHO-K1 were UV irradiated and cultured as described in (A). Cell lysates were prepared and
subjected to immunoblot analysis using the anti-XPC (CT) antibody.
(C) Stable V79 transformants expressing human DDB2 (either untagged or FLAG-tagged), as well as a control transformant containing the
vacant expression vector, were UV irradiated at the indicated doses and incubated at 37°C for 1 hr. Cell lysates were subjected to immunoblot
analyses as described in (B).ell lines (Figure 2A). Both of these cells have mutations
n the DDB2 gene and lack UV-DDB activity (Nichols et
l., 1996).
To further investigate the involvement of UV-DDB in
PC modification, Chinese hamster cell lines were
sed. Many established cell lines as well as primary
ymphoid cells derived from Chinese hamsters lack UV-
DB activity (Hwang et al., 1998; Tang et al., 2000). As
hown in Figure 2B, the two Chinese hamster cell lines
e used, V79 and CHO-K1, were also defective in the
V-induced shift in molecular weight of XPC. UV-DDB
ctivity is conferred to V79 cells when human DDB2
ene is stably expressed (Tang et al., 2000). Interest-
ngly, when human DDB2 (untagged or FLAG-tagged)
as expressed in V79 cells, the XPC modification upon
V irradiation was restored (Figure 2C). We also con-
irmed that transient expression of wild-type human
DB2 but not its two point mutants (K244E and R273H)
dentified from XP-E patients complemented the defect
f UV-induced XPC band shift in XP2ROSV cells (data
ot shown). These results indicate that UV-DDB activity
s necessary for the UV-induced modification of XPC.
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The above findings indicating some functional interac-
tion between XPC and UV-DDB prompted us to exam-
ine whether they interacted physically as well. When
FLAG-DDB2 in the stable V79 transformant was immu-
noprecipitated from soluble cell extracts, both DDB1
and endogenous XPC were coprecipitated (Figure 3A).
This suggests that UV-DDB indeed interacts with XPC
in vivo. This interaction was present in both unirradi-
ated and irradiated cells, although UV irradiation signifi-
cantly reduced the amount of UV-DDB and XPC that
was precipitated. This is probably because UV-DDB be-
comes tightly bound to the UV-induced lesions and
thus is not soluble during the extraction procedure (Ot-
rin et al., 1997).
To demonstrate a direct interaction between XPC and
UV-DDB, binding experiments were carried out usingFigure 3. XPC Physically Interacts with UV-DDB
(A) The V79 transformant expressing FLAG-DDB2 was UV irradiated at the indicated dose (lanes 2–4). After incubation at 37°C for 1 hr, soluble
cell extracts were prepared, FLAG-DDB2 was immunoprecipitated with anti-FLAG antibody beads, and aliquots of the bound fractions were
subjected to immunoblot analyses with the indicated antibodies. As a negative control, the unirradiated, V79 transformant containing the
vacant expression vector was processed in the same way (lane 1).
(B) Purification of recombinant UV-DDB. Purified FLAG-DDB1 (150 ng) and FLAG-DDB1/DDB2 heterodimer (200 ng) were subjected to SDS-
PAGE (with a 4%–20% gradient gel) followed by silver staining. M, molecular weight markers.
(C) Anti-FLAG antibody beads (20 l) prebound to either FLAG-DDB1 (1.3 g) or FLAG-DDB1/DDB2 (1.8 g) were incubated with XPC-HR23B-
His (150 ng), XPC alone (103 ng), or HR23B alone (47 ng). After unbound materials were washed out, aliquots of the bound proteins were
subjected to immunoblot analyses using the indicated antibodies (lanes 4–8). One percent of the input XPC and/or HR23B proteins were
loaded onto the same gel as controls (lanes 1–3).purified recombinant proteins. FLAG-DDB1 and DDB2
proteins were coexpressed in insect cells using the
baculovirus system. With our baculovirus construct,
FLAG-DDB1 was expressed in a large excess over
DDB2, enabling us to separately purify the FLAG-
DDB1/DDB2 complex and free FLAG-DDB1 from the
same infected cell extract (Figure 3B). Either the puri-
fied UV-DDB complex or FLAG-DDB1 was bound to
anti-FLAG antibody beads, which were then incubated
with purified XPC-HR23B-His complex. A significant
amount of XPC-HR23B-His coprecipitated with the UV-
DDB complex, while its binding to FLAG-DDB1 alone
was close to background levels (Figure 3C, compare
lane 6 with lanes 4 and 5). This indicates that DDB2 is
required for the interaction of UV-DDB with XPC. When
XPC and HR23B were added separately to the UV-DDB
heterodimer, only XPC was detected in the bound frac-
Cell
392tion (lanes 7 and 8). These data demonstrate a direct w
wphysical interaction between XPC and UV-DDB.
t
s
The UV-DDB-E3 Complex Catalyzes the m
Ubiquitylation of XPC In Vitro u
It has been recently reported that UV-DDB exists in vivo a
as a supercomplex containing cullin 4A and Roc1 that a
displays ubiquitin ligase (E3) activity (Groisman et al., H
2003). This, together with our data, strongly suggests
that the UV-DDB-E3 complex may be responsible for t
the ubiquitylation of XPC. To test this idea, cell-free n
ubiquitylation assays were carried out. The four sub- w
units (DDB1, DDB2, cullin 4A, and Roc1) were ex- o
pressed simultaneously in insect cells, and the hetero- n
tetrameric complex was purified (Figure 4A). When c
XPC-HR23B-His was incubated with this UV-DDB-E3 o
complex in the presence of E1, E2 (UbcH5a), ubiquitin, d
and ATP, a shift in the molecular weight of XPC was m
detected (Figure 4B). The shift appeared to depend on i
each of the protein components (lanes 2–7). The use of s
GST-tagged ubiquitin instead of normal ubiquitin re- c
sulted in an altered pattern of the shifted XPC bands
(lane 9), strongly suggesting that the observed band t
tshift is due to conjugation to ubiquitin. Furthermore,Figure 4. Cell-Free Ubiquitylation of XPC Mediated by the UV-DDB-E3 Complex
(A) The purified UV-DDB-E3 complex was subjected to SDS-PAGE (with a 4%–20% gradient gel) followed by silver staining. M, molecular
weight markers.
(B) Cell-free ubiquitylation reactions were performed using the indicated sets of protein components. Where indicated, K-less ubiquitin (5 g)
or GST-ubiquitin (10 g) was included instead of wild-type ubiquitin (lanes 8 and 9). Aliquots of the reaction mixtures were subjected to
immunoblot analyses using the indicated antibodies. The arrows (also those in [C]) indicate the unmodified form of each protein.
(C) A mixture of XPC-HR23B-His (8 ng) and FLAG-XPA (5 ng) was included in the ubiquitylation reaction described in (B) in the absence or
presence of E1. Aliquots of the reaction mixtures were subjected to immunoblotting with the indicated antibodies. The asterisk indicates
nonspecifically crossreacting bands. The bands indicated by dots represent HR23B-His that had undergone low levels of ubiquitylation.hen a mutant ubiquitin in which all the lysine residues
ere changed to arginines (designated “K-less” ubiqui-
in) was employed in the reaction, the band shift was
ignificantly reduced (lane 8), suggesting that the slow
obility species shown in lane 7 were the result of poly-
biquitin chain formation. In the same reactions, DDB2
nd cullin 4A were found to be ubiquitylated extensively
s well, regardless of the presence or absence of XPC-
R23B-His (Figure 4B, lanes 2 and 7).
To examine the specificity of this in vitro ubiquityla-
ion, XPC-HR23B-His and FLAG-XPA were simulta-
eously included in the reaction. While XPC and DDB2
ere ubiquitylated extensively, little band shifting was
bserved with FLAG-XPA (Figure 4C) and DDB1 (data
ot shown) in the same reaction. Although a low per-
entage of HR23B-His appeared to be conjugated to
ne or two ubiquitin moieties (see bands indicated by
ots in Figure 4C), the band shifting was nonetheless
uch less pronounced than XPC and DDB2. Thus, the
n vitro ubiquitylation system appeared to retain similar
ubstrate specificity as observed in the UV-irradiated
ells (Figure 1B).
Since XPC and DDB2 were ubiquitylated in vitro by
he same E3 complex, the in vivo fates of the two pro-
eins after UV irradiation were compared. To do this,
UV-Induced Ubiquitylation of XPC by UV-DDB-E3
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since the available anti-DDB2 antibodies cannot detect
endogenous DDB2 expressed in human cells with suffi-
cient sensitivity. When the cells were UV irradiated and
incubated in the presence of cycloheximide, XPC un-
derwent reversible modification (lanes 1–6 in Figure S3)
exactly as observed in the WI38 VA13 cells. In contrast,
the FLAG-DDB2 band decreased in a time-dependent
manner and had disappeared almost completely by 4
hr of postirradiation. This decrease in FLAG-DDB2 was
blocked when the cells were treated simultaneously
with the proteasome inhibitor MG132 (lanes 7–12).
Therefore, in agreement with the previous reports (Fitch
et al., 2003a; Rapic#-Otrin et al., 2002), DDB2 appeared
to be degraded after UV irradiation by the ubiquitin/
proteasome system.
Ubiquitylation Alters the DNA Binding Properties
of XPC and UV-DDB
To obtain insights into roles the ubiquitylation plays in
NER, we examined the DNA binding properties of ubiq-
uitylated XPC and UV-DDB. For this purpose, a syn-
thetic oligonucleotide containing a single UV lesion
(CPD or 6-4PP) or the undamaged sequence as a con-
trol (Figure S4A) was annealed to the complementary
oligonucleotide, tandemly ligated, and immobilized on
paramagnetic beads. Cell-free ubiquitylation reactions
were carried out in the presence of one of these DNA
beads. After unbound fractions were saved and the
beads were washed, the proteins retained by the DNA
were subjected to immunoblotting for detection of XPC
as well as subunits of the UV-DDB-E3 complex (Fig-
ure 5A).
When XPC alone was incubated with the DNA beads,
only a part of the input protein was detected in the
bound fractions (lanes 1–3). We have shown previously
(Sugasawa et al., 2001) and in Figure S4B by using the
electrophoretic mobility shift assay that XPC specifi-
cally binds to 6-4PP and not to CPD, when XPC was
added in excess over the damaged DNA; the addition
of appropriate competitor DNA was also necessary to
absorb the nonspecific DNA binding activity of XPC so
that its binding specificity could be unveiled. The bind-
ing specificity of XPC for 6-4PP was not as evident in
the DNA binding assay shown in Figure 5A, probably
because the protein:DNA ratio was much lower and
competitor DNA was not included. The presence of the
UV-DDB-E3 complex did not affect the binding proper-
ties of XPC if ubiquitylation did not occur (Figure 5A,
lanes 4–6). In the same reactions, both DDB1 and DDB2
were bound to the 6-4PP beads in a nearly quantitative
manner (lane 6), while little binding was observed with
the undamaged DNA beads (lane 4). Both the affinity
and specificity of UV-DDB for 6-4PP thus seemed to be
far higher than those of XPC. The binding of UV-DDB
to CPD was also observed, although the affinity ap-
peared to be much lower than that for 6-4PP, as ex-
pected from previous reports (Fujiwara et al., 1999;
Reardon et al., 1993; Treiber et al., 1992) and our mobil-
ity shift assays (Figure S4C). In addition, a significant
amount of cullin 4A remained in the unbound fraction
even in the presence of the 6-4PP beads (Figure 5A,
lane 6), suggesting a somewhat unstable association of
the E3 subunit with the UV-DDB core.Intriguingly, when all factors required for ubiquityla-
tion were present, only ubiquitylated XPC was detected
in the DNA bound fractions, although a significant part
of XPC still remained unmodified in the unbound frac-
tion (Figure 5A, lanes 7–9). It was also notable that the
bands of XPC and cullin 4A were shifted into higher
molecular weight regions in the presence of 6-4PP, un-
like with undamaged DNA or CPD beads (compare lane
9 with lanes 7 and 8). Thus, although the addition of
DNA was not essential for E3 activity (Figure 4), the
presence of 6-4PP seemed to stimulate the UV-DDB-
dependent ubiquitylation. In these reactions, DDB2 was
extensively ubiquitylated, and very little DDB1 or DDB2
was detected in the bound fractions with any of the
DNA beads (lanes 7–9). Thus, the ubiquitylation of UV-
DDB abolished its DNA binding activity almost com-
pletely. In contrast, UV-DDB still retained its DNA bind-
ing activity as well as specificity for the UV lesions
when methylated ubiquitin was included instead of nor-
mal ubiquitin (lanes 10–12), while DDB2 still showed
significant band shifts. Reductive methylation of lysine
residues in ubiquitin blocks the elongation of polyubiq-
uitin chains (compare the patterns of band shifting in
lanes 7–9 with those in lanes 10–12). These data indi-
cate that the formation of polyubiquitin chains above a
certain length abrogate the damage binding activity of
UV-DDB, whereas polyubiquitylated XPC retains its
ability to bind DNA.
To quantitatively examine the effects of ubiquitylation
on the DNA binding of XPC, various amounts of XPC-
HR23B-His were included in the reaction (Figure 5B). At
all doses of XPC tested, ubiquitylation resulted in an
about 2-fold increase in the XPC that was retained by
DNA beads. However, this effect was observed with un-
damaged DNA beads as well as with 6-4PP beads (see
quantitative data in Figure 5C) and CPD beads (data
not shown). Therefore, ubiquitylation appeared to aug-
ment the DNA binding of XPC rather than to alter its
specificity.
Effects of Ubiquitylation on Cell-Free NER Incision
Finally, we investigated the effects of the ubiquitylation
mediated by the UV-DDB-E3 complex on the cell-free
NER incision reaction. For this purpose, we prepared a
whole-cell extract from the human lymphoblastoid cell
line GM01646, which was derived from an XP group E
patient. An internally 32P-labeled double-stranded cir-
cular DNA substrate containing a single 6-4PP was first
preincubated with various amounts of UV-DDB (FLAG-
DDB1/DDB2 heterodimer). The mixtures were then in-
cubated with the XP-E cell extract (100 g of protein),
and the labeled dual incision products containing the
lesion were separated and detected by denaturing
PAGE. As shown in Figure 6A, the preincubation with
UV-DDB had little effect on the dual incision around
6-4PP in the cell extract under the conditions tested
(lanes 1–4). However, when 20 g of methylated ubiqui-
tin was added, UV-DDB inhibited the repair of 6-4PP in
a dose-dependent manner (lanes 9–12; see also quanti-
tative data in Figure 6B). This inhibition was much less
pronounced in the presence of the same amount of nor-
mal ubiquitin (lanes 5–8) but similar to when K-less
ubiquitin was substituted for methylated ubiquitin (data
Cell
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(A) XPC-HR23B-His (8 ng) was incubated with paramagnetic beads bearing undamaged DNA (N) or DNA containing CPD (C) or 6-4PP (6). UV-
DDB-E3 (20 ng), and other factors required for ubiquitylation were also included as indicated. The proteins that did not bind to DNA (unbound)
and those retained by DNA (bound) were subjected to immunoblot analyses using the indicated antibodies. The arrows indicate the unmodi-
fied form of each protein. The asterisks indicate crossreacting bands derived from contaminating keratin.
(B) Binding reactions were performed with undamaged (ND) DNA beads or 6-4PP beads as described in (A) except that the XPC-HR23B-His
levels varied (2.4, 8, and 24 ng). The XPC protein that was retained on the DNA beads is shown.
(C) The bound XPC levels in (B) were quantified by comparison with the signals of known amounts of XPC and plotted as a graph. The mean ±
standard error of the mean was calculated from two independent experiments.
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(A) The internally 32P-labeled DNA substrate containing a single 6-4PP was preincubated at 30°C for 10 min with various amounts of UV-DDB
(FLAG-DDB1/DDB2 heterodimer; 10, 20, and 40 ng). The cell-free NER incision assay was then performed by adding the XP-E cell extract
(100 g protein) with or without 20 g each of wild-type ubiquitin (wt Ub) or methylated ubiquitin (Me-Ub). Dual incision products detected
on denaturing PAGE are shown. M, 32P-labeled 28-mer oligonucleotide as a size marker (also for [D]).
(B) The levels of dual incision products for each lane in (A) were quantified, normalized relative to the value of the control reactions without
UV-DDB, and plotted as a graph. The mean ± standard error of the mean was calculated from two independent experiments.
(C) Cell-free NER incision reactions were reconstituted with purified protein factors and carried out with the internally 32P-labeled DNA
substrate containing a single 6-4PP. Various amounts of purified UV-DDB-E3 (0.4, 4, and 40 ng) were also included (lanes 3–5). As a negative
control, XPC-HR23B was omitted from the standard reaction (lane 1).
(D) Cell-free NER incision reactions were carried out with purified NER proteins in the presence or absence of UV-DDB-E3 (40 ng) and other
factors required for ubiquitylation as indicated.
(E) The same set of reactions was carried out as described in (D), except that the unlabeled DNA substrate containing a 6-4PP was used.
Aliquots of the reactions were subjected to immunoblotting with the anti-XPC (FL) antibody.not shown). From a quantitative immunoblot analysis,
we estimated that no more than 0.5 g of endogenous,
unconjugated ubiquitin was present in the extract in-
cluded in a reaction (data not shown). Therefore, it was
likely that the addition of K-less or methylated ubiquitin
in such a large excess may competitively block the
elongation of polyubiquitin chains. Immunoblot analy-
ses revealed that UV-DDB-dependent polyubiquityla-
tion of XPC indeed occurred in the NER reaction using
the crude extract and that this was inhibited by the ad-
dition of K-less ubiquitin (Figure S5). The above results
thus suggest that, when UV-DDB is bound to 6-4PP,the formation of relatively long polyubiquitin chains is
important for subsequent processing of the lesion by
NER. Similar experiments were carried out with a DNA
substrate containing CPD instead of 6-4PP. In agree-
ment with the previous report (Wakasugi et al., 2001),
preincubation of the CPD substrate with UV-DDB re-
sulted in a weak but detectable stimulation of dual inci-
sion in the XP-E cell extract, although quite large
amounts of UV-DDB were required (Figure S6). In the
presence of methylated ubiquitin, some stimulation by
UV-DDB could still be observed.
To examine the direct involvement of ubiquitylation in
Cell
396NER, we set up the reconstituted NER reaction with i
(purified proteins. By using six purified essential NER
factors (i.e., XPC-HR23B-centrin 2, XPA, XPF-ERCC1, E
cXPG, transcription factor IIH [TFIIH], and replication
protein A [RPA]), a significant level of dual incision -
ccould be detected with the internally radiolabeled
6-4PP substrate (Figure 6C, lane 2). The addition of the p
sUV-DDB-E3 complex resulted in dose-dependent inhi-
bition of the dual incision (lanes 3–5) if other ubiquitylat-
cing factors (E1, E2, and ubiquitin) were not present. Al-
though the involvement of the ubiquitylating factors i
ehad little effect on the repair of 6-4PP (Figure 6D, lane
3), the inhibition caused by the UV-DDB-E3 complex t
tappeared to be relieved at least partially in the pres-
ence of these factors (Figure 6D, compare lanes 4 and i
n5). The ubiquitylation of XPC under these reaction con-
ditions was confirmed by immunoblotting (Figure 6E). a
vIn this reaction system, the efficiency of incision around
CPD was too low to be detected. These results indicate l
bthat the elongation of polyubiquitin chains is important
for NER of 6-4PP when UV-DDB is bound to the lesion. t
s
cDiscussion
n
pUV-DDB-Dependent Ubiquitylation of XPC
bWe have shown that the XPC protein is ubiquitylated
[in response to the UV irradiation of cells and that this
mubiquitylation requires functional UV-DDB activity. It
thas been shown recently that UV-DDB associates in
ovivo with cullin 4A, Roc1, and COP9 signalosome,
rwhich suggests that this supercomplex may function
bas the E3 ligase complex (Groisman et al., 2003). The
autoubiquitylation of cullin 4A subunit was indeed de-
tected, but the physiological substrates of this E3 activ- R
Aity were not identified. Therefore, XPC is the first exam-
ple of such an E3 substrate. This observation links the f
ptwo known NER damage recognition factors and sug-
gests a mechanism by which they operate together in v
uNER.
Our present study demonstrates a direct physical in- r
wteraction between XPC and UV-DDB that appears to be
present even in unirradiated cells (Figure 3A). Moreover, O
din the absence of UV damage, the cullin 4A protein in
the UV-DDB-E3 complex is not conjugated to Nedd8 b
i(Groisman et al., 2003). This strongly suggests that the
E3 may be inactivated through its association with the A
eCOP9 signalosome, which explains why XPC ubiqui-
tylation is absent in unirradiated cells (Figure 7). How- i
Xever, when cells are irradiated with UV, UV-DDB-E3
translocates onto chromatin probably through its ability t
tto interact with UV photolesions. Neddylated cullin 4A
has been specifically detected in the chromatin bound
vfraction of UV-irradiated cells (Groisman et al., 2003).
This suggests that the E3 associated with UV-DDB may R
bbe activated only when bound to UV-damaged chroma-
tin. This also suggests that the ubiquitylation of XPC u
imay occur exclusively on the damaged DNA (Figure 7).
In our cell-free system, the addition of damaged DNA (
Nwas not necessary for XPC ubiquitylation. This is not
surprising, because we used the recombinant UV-DDB- b
rE3 complex that lacks the COP9 signalosome and is
thus constitutively active. For the two XP-E cell lines e
Xused in this study (XP2ROSV and XP82TO), mutationsn the DDB2 gene leads to inactivation of UV-DDB
Nichols et al., 1996). This suggests that, in these cells,
3 may never be activated even after UV irradiation. In
ontrast, XPC is normally ubiquitylated in XP-A, -B,
D, -F, and -G cells (Figure 2A). These observations indi-
ate that XPC ubiquitylation may depend solely on the
resence of functional UV-DDB and not on subsequent
teps in the NER pathway.
Although our UV-DDB-associated recombinant E3
omplex was active in the absence of DNA (Figure 4),
ts activity seemed to be further stimulated by the pres-
nce of 6-4PP (Figure 5A). This strongly suggests that
he binding of UV-DDB to the lesion may affect the ac-
ivity of UV-DDB-associated E3. Unlike the effect of UV
rradiation, XPC ubiquitylation was much less pro-
ounced when cells were treated with chemicals such
s 4-NQO (Figure S1). This may be related to the obser-
ation that UV-DDB poorly recognizes 4-NQO-induced
esions (Payne and Chu, 1994). We also found that the
inding affinities of UV-DDB for bubble and loop struc-
ures are far lower than that for 6-4PP (Figure S4C). This
uggests that UV-DDB is not a versatile damage re-
ognition factor like XPC; rather, it specializes in recog-
izing UV lesions, particularly 6-4PP. Such biochemical
roperties of UV-DDB may explain why exposure to UV
ut not the chemical carcinogen 7,12-dimethylbenz-
a]anthracene induced skin tumors in DDB2-deficient
ice (Itoh et al., 2004). Taken together, it appears that
he activation of E3 and the consequent ubiquitylation
f XPC are not associated with all GG-NER lesions;
ather, the occurrence of these events depends on the
inding affinity of UV-DDB for the induced lesions.
oles of Ubiquitylation in GG-NER
lthough XPC acquired polyubiquitin chains in our cell-
ree system, the UV-induced modification of XPC ap-
eared to be reversible and did not induce degradation
ia the 26S proteasome. Mechanisms that protect the
biquitylated XPC from degradation thus may exist. In
egard to this, it has been noted that complex formation
ith HR23 proteins stabilizes XPC (Ng et al., 2003;
kuda et al., 2004), perhaps because this regulates its
egradation via the ubiquitin/proteasome pathway. Nota-
ly, the UV-DDB-E3 complex also ubiquitylated two of
ts own subunits in vitro, namely DDB2 and cullin 4A.
s reported previously (Fitch et al., 2003a; Rapic#-Otrin
t al., 2002), DDB2 appeared to be degraded after UV
rradiation (Figure S3). Thus, the fates of ubiquitylated
PC and DDB2 appear to be quite different, even
hough the two proteins are probably ubiquitylated by
he same E3 molecules.
The DDB1/DDB2 heterodimer binds to 6-4PP with
ery high affinity and specificity (Fujiwara et al., 1999;
eardon et al., 1993; Treiber et al., 1992). Since the
inding affinity of XPC for this lesion is much lower (Fig-
re S4) and UV-DDB rapidly translocates into the locally
rradiated area in the nucleus without functional XPC
Wakasugi et al., 2002), UV-DDB is probably the first
ER factor to recognize and bind 6-4PP in vivo. Nota-
ly, although the addition of UV-DDB inhibited our NER
eactions that were reconstituted with six purified
ssential proteins (Figure 6C), the reactions using the
P-E cell extract appeared to be much more resistant
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Dependent Ubiquitylation of XPC
In unirradiated cells, UV-DDB-associated E3
is inactivated by its interaction with the
COP9 signalosome (CSN). Thus, XPC is not
ubiquitylated, despite its interaction with UV-
DDB. Upon UV irradiation, UV-DDB translo-
cates onto the damaged chromatin by bind-
ing to lesions, particularly 6-4PP. Its dissoci-
ation from the CSN and the neddylation of
cullin 4A (indicated by “N”) activate E3. The
binding of UV-DDB to the lesion further stim-
ulates E3 activity. The activated UV-DDB-E3
then recruits XPC via protein-protein interac-
tion, and XPC, DDB2, and cullin 4A are ubiq-
uitylated at the lesion site. Polyubiquitylated
UV-DDB loses its damaged DNA binding ac-
tivity, whereas the DNA binding of XPC is po-
tentiated by its ubiquitylation. This results in
the displacement of UV-DDB by XPC on the
lesion. The ubiquitylated DDB2 is degraded
by the proteasome. The ubiquitylated form
of XPC reverts to the unmodified form
through deubiquitylation.to UV-DDB (Figure 6A), which strongly suggests that
specific factors are required for the repair of 6-4PP in
the presence of UV-DDB. One can imagine that the ex-
tremely stable binding of UV-DDB to 6-4PP could pre-
vent the subsequent binding of other GG-NER factors,
including XPC. Based on our present results, we pro-
pose that UV-DDB-dependent polyubiquitylation is
involved in the displacement of UV-DDB by XPC from6-4PP (Figure 7). The evidence for this notion is as fol-
lows. First, UV-DDB appears to lose its high binding
affinity for 6-4PP when DDB2 is extensively polyubiqui-
tylated, whereas XPC polyubiquitylated under the same
conditions displayed a higher DNA binding activity
compared to its unmodified form (Figure 5). These alter-
ations in DNA binding properties would certainly aid the
replacement of UV-DDB by XPC. Second, the inhibition
Cell
398of polyubiquitin chain elongation by adding K-less or m
methylated ubiquitin revealed the UV-DDB-dependent a
inhibition of 6-4PP repair in the XP-E cell extract (Fig- c
ures 6A and 6B). Finally, the addition of the ubiquityla- a
tion factors to the reconstituted NER reaction removed b
the UV-DDB-dependent inhibition of 6-4PP repair (Fig- m
ure 6D), although the incision activity was only partially l
restored under the conditions tested. This might be ex- d
plained by the relatively unstable association of E3 in D
our preparation of the UV-DDB complex (Figure 5A), i
since UV-DDB that has lost E3 probably inhibits the re- u
pair of 6-4PP. Moreover, the reconstituted NER reaction t
may still be missing additional factors that are present X
in the crude cell extract and are specifically required i
when UV-DDB-dependent ubiquitylation occurs. b
In XP-E cells lacking UV-DDB, GG-NER of 6-4PP is s
almost normal, even though UV-induced ubiquitylation
Eof XPC is absent. The above model is consistent with
this phenotype of XP-E cells, because it indicates that
AXPC ubiquitylation is only required when UV-DDB is
present, since XPC is able to detect 6-4PP by itself C
without ubiquitylation. Notably, NER functions of UV- W
DDB have been documented mainly in connection with f
fthe repair of CPD rather than 6-4PP (Hwang et al., 1999;
hTang et al., 2000). We have previously shown that the
tXPC complex by itself recognizes CPD very poorly, pre-
fsumably because the distortion of the helix induced by p
the lesion is too small (Sugasawa et al., 2001). For such 
lesions, recognition by UV-DDB may facilitate the re- a
ccruitment of other NER factors including XPC (Fitch et
hal., 2003b). From our in vitro experiments, the involve-
Fment of UV-DDB-dependent ubiquitylation in CPD re-
mpair was not clear, since stimulation of CPD repair by
i
UV-DDB still appeared to occur in the absence of poly-
ubiquitylation (Figure S6). However, the observed stim- P
ulation was nonetheless quite weak and required un- H
ephysiologically high concentrations of UV-DDB. This
sraises the possibility that even the in vitro NER reaction
husing the crude cell extract may require optimization
2before the precise roles of UV-DDB and ubiquitylation
(
in CPD repair can be examined. However, since UV-
DDB appears, upon extensive polyubiquitylation, to b
lose its binding activity to not only 6-4PP but also CPD a
p(Figure 5A), it cannot be excluded that ubiquitylation
emay also be associated with CPD repair.
wGiven that XPC is able to recognize 6-4PP by itself,
wwhat is the biological significance of such a high bind-
ing affinity of UV-DDB for 6-4PP? Although many pub- I
lished studies indicate that the lack of UV-DDB barely T
affects the efficiency with which 6-4PP is repaired in (
tvivo, it has been shown very recently that UV-DDB can
facilitate the recruitment of XPC as well as other NER
Hfactors to sites containing 6-4PP, particularly when the
a
number of induced 6-4PP lesions is relatively low b
(L.H.F. Mullenders, personal communication). We favor
the idea that UV-DDB is involved in efficiently recruiting D
XPC to UV lesions, regardless of whether these lesions D
Dare CPD or 6-4PP, since this supports the biological
trelevance of our in vitro results that point to the roles
mubiquitylation plays in the repair of 6-4PP. As proposed
a
in Figure 7, one of the roles UV-induced XPC ubiquityla- c
tion may play is that it reinforces the DNA binding of 1
XPC, which helps displace UV-DDB from the lesion D
E(even though UV-DDB initially binds to the UV lesionore strongly than XPC). These observations together
ppear to add quite novel insights into the damage re-
ognition mechanisms involved in DNA repair, as well
s to the functions of ubiquitylation. However, it cannot
e excluded that the ubiquitylation of XPC and UV-DDB
ay play additional roles. For instance, polyubiquity-
ated XPC and/or DDB2 may be involved in signal trans-
uction pathways that are activated in response to
NA damage. In addition, the degradation of DDB2
tself may serve as a certain intracellular signal. To fully
nderstand the roles of UV-DDB-dependent ubiquityla-
ion, it would be of great interest to generate mutant
PC and DDB2 molecules that specifically lack their
nteraction or ubiquitylation sites. In addition, it would
e highly informative to identify the factors that interact
pecifically with ubiquitylated XPC and/or UV-DDB.
xperimental Procedures
dditional information can be found in the Supplemental Data.
ell Lines and Cultures
I38 VA13 cells as well as other human fibroblast cell lines derived
rom XP and CS patients were cultured at 37°C in Dulbecco’s modi-
ied Eagle’s medium containing 10% fetal bovine serum. Chinese
amster cells were cultured under the same conditions, except for
he addition of L-proline with CHO-K1 cells. Stable V79 trans-
ormants expressing human DDB2 were established as described
reviously (Tang et al., 2000) and cultured in the presence of 500
g/ml G418 (Invitrogen). A lymphoblastoid cell line (GM01646) from
n XP-E patient was obtained from the Coriell Cell Repository and
ultured in suspension with RPMI1640 medium containing 15%
eat-inactivated fetal bovine serum. Mouse mammary carcinoma
M3A as well as its temperature-sensitive mutant ts85 cells were
aintained at 33°C in suspension with RPMI1640 medium contain-
ng 10% calf serum.
urified Protein Factors
uman XPC and His6-tagged HR23B (HR23B-His) proteins were
xpressed and purified separately as described previously (Suga-
awa et al., 2001). In vitro reconstitution of the XPC-HR23B-His
eterodimer has also been described previously (Sugasawa et al.,
001). Centrin 2 was expressed in E. coli and purified as described
Araki et al., 2001).
Other NER factors except TFIIH were expressed in insect cells
y using the baculovirus system. Detailed purification procedures
re given in the Supplemental Data. The human TFIIH complex was
urchased from ProteinOne. Rabbit E1 and human UbcH5a (E2)
nzymes as well as ubiquitin (wild-type, K-less, or GST-tagged)
ere purchased from Boston Biochem, while wild-type ubiquitin
as also obtained from Sigma.
n Vitro Ubiquitylation Assay
he standard reaction mixture (15 l) contained 50 mM Tris-HCl
pH 7.6), 10 mM MgCl2, 0.2 mM CaCl2, 4 mM ATP, 1 mM dithiothrei-
ol (DTT), bovine serum albumin (BSA; 1.5 g), E1 (0.1 g), E2 (0.4
g), ubiquitin (5 g), purified UV-DDB-E3 (20 ng), and XPC-HR23B-
is. The reactions were incubated at 37°C for 1 hr, stopped by
dding 1 l of 0.5 M EDTA, and subjected to SDS-PAGE followed
y immunoblot analyses using appropriate antibodies.
amaged DNA Binding Assay
etails of DNA bead preparation are provided in the Supplemental
ata. Binding reactions were performed at 30°C for 30 min in mix-
ures (15 l) containing 50 mM Tris-HCl (pH 7.6), 5 mM MgCl2, 0.2
M CaCl2, 2 mM ATP, 1 mM DTT, 0.1 M NaCl, BSA (1.5 g), varied
mounts of XPC-HR23B-His (together with a four times molar ex-
ess of centrin 2), and 12 g of the paramagnetic beads containing
pmol of UV lesions or the corresponding amount of undamaged
NA as a control. Where indicated, UV-DDB-E3 (20 ng), E1 (0.1 g),
2 (0.5 g), and ubiquitin (wild-type or methylated; 10 g) were
UV-Induced Ubiquitylation of XPC by UV-DDB-E3
399also included. After the reactions were stopped by adding 1 l of
0.5 M EDTA, the supernatants were saved as “unbound” fractions.
The beads were then washed twice with 50 l of ice-cold wash
buffer (50 mM Tris-HCl [pH 7.6], 5 mM MgCl2, 0.2 mM CaCl2, 0.1 M
NaCl, 1 mM DTT) and suspended in SDS sample buffer. Aliquots of
the unbound and bound fractions were subjected to SDS-PAGE
followed by immunoblotting.
NER Dual Incision Assay
The internally 32P-labeled, double-stranded circular DNA substrate
that contains a single, site-specific 6-4PP or CPD, and whole-cell
extract from the XP-E lymphoblastoid cells (GM01646) were pre-
pared as described previously (Sugasawa et al., 2001). The stan-
dard reaction mixture (25 l) contained 40 mM Hepes-KOH (pH 7.8),
5 mM MgCl2, 2 mM ATP, 0.5 mM DTT, 70 mM NaCl, 5% glycerol,
BSA (5.4 g), the XP-E cell extract (100 g of protein), 22.5 mM
creatine phosphate (di-Tris; Sigma), creatine phosphokinase (0.5
g; Sigma type I), and the 32P-labeled DNA substrate (w1 × 105
cpm for 6-4PP and w4 × 105 cpm for CPD, respectively). For the
reconstituted NER, the reaction volume was reduced to 15 l; the
XP-E cell extract was replaced by FLAG-XPA (25 ng), RPA (100 ng),
XPF-ERCC1-His (12 ng), XPG (12 ng), TFIIH (134 ng), XPC-HR23B-
His (20 ng), and centrin 2 (5 ng); and the NaCl concentration was
adjusted at 100 mM. Where indicated, E1 (0.1 g), E2 (0.5 g),
ubiquitin (wild-type, K-less, or methylated), and varied amounts of
UV-DDB or UV-DDB-E3 complex were also included. After incuba-
tion at 30°C for 1 hr, the DNA was purified and subjected to 10%
denaturing PAGE followed by autoradiography.
Supplemental Data
Supplemental Data include six figures, Supplemental Experimental
Procedures, and Supplemental References and can be found with
this article online at http://www.cell.com/cgi/content/full/121/3/
387/DC1/.
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